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Abstract 

LiNio.5Feo.5O2  is  prepared  by  a  sol-gel  method  and  the  sample  is  heat-treated  to  various  temperatures  to  characterize  its  physico-chemical 
properties.  Calcination  of  the  precursor  at  673  K  produces  powders  of  tetragonal  and  hexagonal  phases.  Subsequent  heat  treatment  at  873, 
1073  and  1273  K  results  in  a  pure  hexagonal  phase.  Vibrating  sample  magnetometer  (VSM)  studies  show  that  the  tetragonal  phase  is 
magnetically  stronger  than  the  hexogonal  phase.  Room-temperature  Mossbauer  studies  reveal  magnetic  ordering  for  the  tetragonal  phase  and 
the  paramagnetic  nature  of  the  hexagonal  phase.  The  hexagonal  phase  is  magnetically  ordered  at  77  K.  By  comparing  the  value  of  the  hyperfine 
field  with  the  bulk  magnetization  value  at  77  K  obtained  from  VSM,  it  is  concluded  that  the  magnetic  ordering  cannot  be  ferromagnetic  but 
should  be  antiferromagnetic. 

©  2005  Elsevier  B.V.  All  rights  reserved. 
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1.  Introduction 

Among  the  rechargeable  battery  systems,  lithium-ion  bat¬ 
teries  offer  higher  specific  energy,  light  weight  and  long 
cycle-life,  all  of  which  are  essential  to  meet  the  require¬ 
ments  of  portable  electronic  equipment  [1],  The  compound 
LiNiCE  has  been  extensively  investigated  as  a  positive  active 
material  because  of  its  comparatively  low  cost,  large  the¬ 
oretical  capacity  (275mAhg_1)  and  environmental  advan¬ 
tages  over  LiCoCE  [2-4].  The  discharge  capacity  of  non- 
stoichiometric  LiNiCL  has  been  shown  experimentally  to  be 
about  140-150  mAh g“‘  [5], 

LiNiCL  has  the  rhombohedral  structure  with  a  trigonal 
symmetry  Rim  space  group.  It  consists  of  the  alternate  layers 
of  Li  and  Ni  that  occupy  the  octahedral  sites  of  a  cubic-closed- 
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packed  oxide  lattice.  This  structure  provides  the  basis  for  a 
triangular  lattice  at  low  temperatures  and  enables  lithium- 
ions  to  intercalate  and  de-intercalate  reversibly  at  high  tem¬ 
peratures.  The  parameters  of  the  unit  cell  are  usually  defined 
in  terms  of  the  hexagonal  setting  [6-8]. 

Lithiated  transition  metal  oxides  Li  MO 2  (M  =  Ni,  Co, 
Fe,  Mn)  have  been  synthesized  using  solid-state  approaches 
that  require  prolonged  heat  treatment  at  high  temperatures. 
These  conditions  may  result  in  non-homogeneity,  abnormal 
grain  growth  and  poor  control  of  stoichiometry  [9-13].  It 
is  difficult  to  synthesize  stoichiometric  LiNi02  because  of 
loss  of  lithium  from  the  host  structure  during  high  tempera¬ 
ture  calcination  due  to  the  high  vapour  pressure  of  lithium 
[14].  This  leads  to  the  formation  of  a  non-stoichiometric 
[Lii_vNy3b[Nii-A-]3a[02]6c  structure  that,  in  turn,  results 
in  a  low  initial  capacity  of  LiNiCL  followed  by  capacity  loss 
during  cycling  [15]. 

A  method  using  excess  lithium  has  been  employed  in 
a  solid-state  reaction  to  synthesize  stoichiometric  LiNiCE 
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[16-18],  This  method  does,  however,  require  the  removal 
of  the  small  quantities  of  unreacted  lithium  by  a  wash¬ 
ing  step  with  deionized  water.  A  sol-gel  method  has  fre¬ 
quently  been  utilized  to  synthesize  stoichiometric  lithium 
metal  oxides  [19,20],  Meanwhile,  improvements  in  the  cycle- 
life  of  LiNiCL  electrodes  have  extensively  been  sought  by 
the  partial  substitution  of  nickel  by  transition  metals,  M, 
to  make  LiMANii_A02  (M  =  A1,  Co,  Fe,  etc.)  [21],  It  has 
been  reported  [22]  that  the  substitution  process  stabilizes 
the  crystal  structure  of  the  material  during  intercalation/de¬ 
intercalation  of  lithium  ions,  even  at  the  overcharged  state, 
and  thereby  improves  LiNiC>2  cycleability. 

In  this  study,  a  sol-gel  process  is  used  to  synthesize 
LiNiCb  with  partial  replacement  of  Ni  by  Fe  to  form 
LiNio.5Feo.5O2.  It  is  possible  to  obtain  the  phase-pure,  ultra- 
fine,  crystalline,  single-phase  compound  by  employing  tem¬ 
peratures  for  a  few  hours  using  the  sol-gel  method.  The 
optimum  conditions  for  the  preparation  of  LiNio.sFeo  5O2 
have  been  investigated.  Although  structural  and  morpholog¬ 
ical  techniques  have  been  attempted  on  LiNi02,  there  has 
been  little  investigation  of  the  magnetic  properties  by  means 
of  Mossbauer  spectroscopy.  The  latter  technique  is  highly 
useful  to  study  the  local  structure  and  magnetic  properties 
of  materials.  In  the  present  work,  detailed  phase  evolution, 
morphology,  magnetic  properties  and  discharge  characteris¬ 
tics  have  been  examined  for  cathode  materials  subjected  to 
various  heat  treatments. 


2.  Experimental 

2.1.  Material  synthesis 

The  oxide  LiNio.sFeo .5O2  was  prepared  from  lithium 
hydroxide  monohydrate  (Aldrich  99%),  proper  stoichiomet¬ 
ric  amounts  of  nickel  hydroxide  and  a-Fe2C>3  as  starting 
materials.  Methanol  (500  ml)  was  used  as  a  solvent  to  dissolve 
the  stoichiometric  amounts  of  lithium  and  nickel  precursors. 
a-Fe2C>3  was  mixed  with  distilled  water  and  was  stirred  well 
with  the  solvent.  Dark-purple  suspensions  of  colloidal  par¬ 
ticles  were  obtained.  The  gel  was  then  dried  to  yield  an 
organic  polymer  foam.  Calcining  the  precursors  in  air  at  var¬ 
ious  temperatures  for  a  period  of  a  few  hours  resulted  in  fine 
powders. 


2.2.  Characterization 

The  structural  and  magnetic  properties  of  the  gel  and 
oxide  powders  were  characterized  by  several  techniques.  X- 
ray  powder  diffraction  experiments  were  performed  with  a 
STOE  (Germany)  high-precision  powder  X-ray  diffractome¬ 
ter  using  Cu  Ka  radiation.  The  magnetization  and  coercivity 
of  the  sample  were  measured  with  a  vibrating  sample  mag¬ 
netometer  (EG  &  G — PARC,  Model  4500)  with  a  maximum 
applied  field  of  7  kOe.  57Fe  Mossbauer  studies  were  carried 
out  using  a  constant  acceleration  Mossbauer  spectrometer 
(Weissel,  Germany,  Model  No.  MDU-1200)  with  a  57Co 
(Rh)  Mossbauer  source  maintained  at  room  temperature.  The 
Mossbauer  spectrum  was  fitted  with  the  least-squares  method 
developed  by  Bent  et  al.  [23,24],  The  morphology  of  the 
heat-treated  powders  was  examined  with  a  JEOL-JSM-840A- 
scanning  electron  microscope. 

2.3.  Electrochemical  cell  assembly 

The  charge  and  discharge  characteristics  of  the  cathodes 
were  investigated  in  a  laboratory  cell  that  was  comprised  of 
a  cathode  and  a  lithium  metal  anode  that  were  separated  by 
a  separator.  The  cathode  was  comprised  of  40  mg  of  active 
material  (LiNio.5Feo.5O2)  and  8  mg  of  a  mixture  of  acety¬ 
lene  black  with  PTFE  (polytetrafluoroethylene)  as  a  con¬ 
ducting  binder.  The  mixture  was  pressed  and  dried  at  120  °C 
for  12  h.  The  electrolyte  solution  was  1  M  LiC104/EC  +  PC 
(EC  =  ethylene  carbonate;  PC  =  propylene  carbonate).  The 
cell  fabrication  was  carried  out  in  an  argon-filled  dry  box. 
The  cells  were  cycled  in  the  range  4. 2-3.0  V  and  the  typical 
charge-discharge  current  was  0.4  mA  cm-2. 

3.  Results  and  discussion 

3.1.  X-ray  analysis 

X-ray  diffraction  (XRD)  patterns  for  the  materials 
annealed  at  various  temperatures  for  6h  in  air  are  given 
in  Fig.  1.  The  material  annealed  at  673  K  has  three  phases: 
cubic,  tetragonal  and  hexagonal.  The  various  crystallographic 
phases  and  the  lattice  parameters  of  LiNio.5Feo.5O2  annealed 
at  different  temperatures  are  listed  in  Table  1 .  The  tetragonal 


Table  1 


Structural  parameters  of  LiNio.5Feo.5O2  sample  annealed  at  various  temperatures 


Annealing  temperature  (K) 

Lattice  parameters  (A) 

a  c 

Cell  volume  (A3) 

Crystal  phase 

673 

7.94 

24.98 

1576.89 

Tetragonal 

673 

14.35 

2.87 

513.74 

Hexagonal 

673 

8.35 

- 

582.25 

Cubic 

873 

2.943 

14.400 

105.75 

Hexagonal 

1073 

2.938 

14.411 

107.73 

Hexagonal 

1273 

2.937 

14.436 

107.86 

Hexagonal 
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Fig.  1.  X-ray  powder  diffraction  pattern  for  LiNio.5Feo.5O2  annealed  at  var¬ 
ious  temperatures. 

phase  disappears  at  873  K  and  the  pure  hexagonal  phase  is 
formed  at  1073  K.  There  is  only  a  very  small  volume  fraction 
of  the  cubic  phase  on  annealing  at  873  K,  and  this  com¬ 
pletely  disappears  on  annealing  at  1073  K.  The  cell  volume 
is  105.75  A3  for  the  sample  annealed  at  873  K  and  increases 
to  107.8  A3  for  the  sample  annealed  at  1273  K  due  to  texture 
effects. 

3.2.  Analysis  with  a  vibrating  sample  magnetometer 
(VSM) 

Magnetization  data  measured  at  room  temperature  and  at 
77  K  for  samples  annealed  at  various  temperatures  between 
673  and  1273  K  are  shown  in  Fig.  2.  The  specific  magneti¬ 
zation  (13.36  emug-1)  obtained  from  the  VSM  experiments 


Fig.  2.  Magnetization  at  RT  and  77  K  for  LiNio.5Feo.5O2  annealed  at  various 
temperatures.  Solid  lines  are  included  as  guides  to  the  eyes. 

is  high  for  the  sample  annealed  at  673  K,  which  has  three 
phases,  i.e.,  cubic  hexagonal  and  tetragonal,  as  seen  from 
XRD  (Table  1),  but  is  low  for  samples  annealed  at  high  tem¬ 
peratures  that  have  a  single  hexagonal  phase.  The  decrease  in 
coercivity  from  177.3  Oe  for  the  sample  at  673  K  to  122. 1  Oe 
(sample  annealed  at  1273  K)  may  be  due  to  a  reduction 
in  strain  by  annealing  at  higher  temperatures,  as  shown  in 
Table  2.  The  magnetization  is  slightly  higher  at  77  K  for  all 
the  samples  annealed  at  various  temperatures  compared  with 
that  at  room  temperature  (RT). 

3.3.  Mossbauer  analysis 

Room-temperature  Mossbauer  spectra  of  samples 
annealed  at  various  temperatures  are  recorded  in  Fig.  3.  The 
Mossbauer  spectrum  of  the  sample  annealed  at  673  K  was 
fitted  with  one  sextet  and  two  doublets.  The  sextet  arises 
from  57  Fe  sites  of  the  tetragonal  phase  with  internal  magnetic 
fields  of  472  kOe  at  room  temperature  (Table  3).  The  two 
doublets  arise  from  Fe  in  cubic  and  hexagonal  phases.  The 
relative  intensities  of  the  various  spectral  components  of  the 
Mossbauer  spectrum  are  given  in  Table  3  and  are  in  fairly 
good  agreement  with  the  relative  intensities  of  the  XRD 
peaks  of  the  three  phases. 

The  Mossbauer  spectrum  of  the  sample  annealed  at  873  K 
consists  of  only  two  doublets,  i.e.,  the  sextet  is  not  present. 
The  two  doublets  have  been  assigned  to  cubic  and  hexagonal 
phases.  This  shows  that  only  the  tetragonal  phase  is  magnet¬ 
ically  ordered  at  RT.  Since  the  relative  intensity  of  the  cubic 


Table  2 


RT  and  77  K  magnetic  parameters  measured  for  sample  annealed  at  various  temperatures 


Annealing  temperature  (K) 

Ms  (emug  ') 

Hc  (Oe) 

MJMs 

RT 

77  K 

RT 

77  K 

RT 

77  K 

673 

13.36 

15.08 

177.3 

287.2 

0.27 

0.31 

873 

1.23 

1.69 

155.0 

190.0 

0.13 

0.12 

1073 

1.32 

1.88 

132.2 

169.8 

0.16 

0.14 

1273 

1.30 

1.50 

122.1 

130.9 

0.15 

0.14 
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Fig.  3.  Room-temperature  Mossbauer  spectra  for  samples  annealed  at  vari¬ 
ous  temperatures. 


phase  is  only  3%,  the  XRD  pattern  does  not  show  the  presence 
of  the  cubic  phase.  On  further  annealing  at  1073  and  1273  K, 
the  sample  gives  rise  to  only  a  single  quadrupole  split  dou¬ 
blet,  which  is  assigned  to  the  hexagonal  phase  in  conformity 
with  XRD  data. 

The  information  collated  in  Table  3  reveals  that  the 
decrease  in  quadrupole  split  value  from  0.55  ±  0.01  mm  s  1 
(1073  K  annealed)  to  0.50  mm  s_l  (1273  K  annealed)  for  the 
hexagonal  phase  may  be  due  to  lattice  ordering  and  lattice 


Velocity  (mm/s) 


Fig.  4.  Mossbauer  spectrum  of  LiNio.5Feo.5O2  sample  measured  at  (a)  16  K 
for  sample  annealed  at  673  K  and  (b)  77  K  for  sample  annealed  at  1073  K. 

expansion,  as  revealed  by  XRD  measurements.  The  isomer 
shift  of  0.46  ±0.01  mms-1  shows  that  iron  is  in  the  ferric 
state. 

In  order  to  investigate  whether  the  cubic  and  hexagonal 
phases  are  magnetic  or  non-magnetic,  the  Mossbauer  spec¬ 
trum  of  the  673  K-annealed  sample  was  recorded  at  16  K. 
The  spectrum  is  shown  in  Fig.  4  and  fitted  with  three  sex¬ 
tets,  i.e.,  one  from  each  of  the  three  crystallographic  phases. 
No  paramagnetic  component  is  present  at  this  temperature 
and  this  clearly  indicates  that  both  the  hexagonal  and  the 
cubic  phases  are  magnetic  only  and  have  very  low  ordering 
temperatures.  In  order  to  confirm  this  result,  the  Mossbauer 
spectrum  was  recorded  at  77  K  for  the  sample  annealed  at 
1073  K.  This  spectrum,  shown  in  Fig.  4,  consists  of  a  sextet 
and  hence  it  is  further  confirmed  that  the  hexagonal  phase 
is  magnetic  with  an  ordering  temperature  above  77  K.  The 
fitted  Mossbauer  parameters  are  presented  in  Table  4.  The 
hyperfine  magnetic  field  of  the  hexagonal  phase  at  77  K  is 
510kOe,  whereas  the  magnetization  at  this  temperature  is 
only  1.88  emug-1  as  reported  in  Table  2.  This  suggests  that 
the  hexagonal  phase  cannot  be  ferromagnetic  and  should 
be  only  an  antiferromagnet.  The  ferromagnetic  ordering 


Table  3 

RT  Mossbauer  parameters  of  LiNio.5Feo.5O2  sample  annealed  at  various  temperatures 


Annealing 
temperature  (K) 

Hyperfine  magnetic 
field  (kOe)  d=  1 .0 

Chemical  shift 
(mms^1)  ±0.01 

Quadrupole  splitting 
(mms-1)  ±0.01 

Line  width 
(mms’1)  ±0.01 

Relative  intensity 
(%) 

673 

472,  0.0,  0.0 

0.35,  0.40,  0.25 

0.08,  0.51,0.51 

0.31,0.37,0.35, 

30,39,31 

873 

0.0,  0.0 

0.49,  0.36 

0.58,  0.57 

0.40,  0.30 

97,3 

1073 

0.0 

0.46 

0.55 

0.41 

100 

1273 

0.0 

0.44 

0.50 

0.39 

100 

Table  4 

Mossbauer  parameters  of  LiNio.5Feo.5O2  sample  measured  at  77  K  for  sample  annealed  at  1073  K  and  at  16  K  for  sample  annealed  at  673  K 

Temperature 

Hyperfine  magnetic 

Chemical  shift 

Quadrupole  shift 

Line  width 

Relative  intensity 

(K) 

field  (kOe)  ±  2 

(mms 1)d=  0.01 

(mms-1)  ±0.01 

(mms-1)  ±0.01 

(%) 

77 

510 

0.48 

0.11 

1.11 

100 

16 

534,  508,  475 

0.46,  0.46,  0.47 

0.13,0.12,  0.02 

0.57,  0.67,  0.70 

30,39,31 
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Fig.  5.  SEM  photographs  of  LiNio.5Feo.5O2  samples:  (a)  as-prepared;  (b)  annealed  at  673  K;  (c)  600  K  and  (d)  800  K. 


should  have  resulted  in  a  larger  value  of  the  magnetization  at 
77  K. 

3.4.  Scanning  electron  microscopy  (SEM)  analysis 

The  textural  stability  of  the  positive  electrode  material  is 
particularly  well  emphasized  by  a  comparative  SEM  study 
performed  on  these  materials.  At  a  higher  magnification,  it 
is  possible  to  distinguish  the  LiNio.5Feo.5O2  crystallites  that 
constitute  the  agglomerates. 

A  series  of  electron  micrographs  (Fig.  5)  reveal  the  mor¬ 
phological  changes  that  occur  during  calcination  of  the  pre¬ 
cursor.  The  as-prepared  sample  appears  smooth  and  feature¬ 
less  (Fig.  5(a))  On  heating  to  673  K,  clusters  of  particu¬ 
lates  are  seen  (Fig.  5(b)).  Electron  micrographs  of  powders 
annealed  at  873  and  1073  K  for  6h  in  air  are  shown  in 
Fig.  5(c)  and  Fig.  6(d),  respectively.  The  surface  of  the  pow¬ 
ders  annealed  at  1073  K  contains  mono-dispersed  cuboidal 
fine  particulates.  The  similarities  between  the  two  micro¬ 
graphs  (1073  and  1273  K)  show  the  textural  stability  of  this 
material.  These  observations,  together  with  XRD  analysis, 
show  clearly  that  the  material  has  a  single  phase. 

3.5.  Discharge  characteristics 

The  specific  capacity  and  cyclability  of  the  samples  were 
determined  by  cycling  the  test  cell  at  a  constant  current  den¬ 
sity  of  0.4  mA  cm-2  between  4.3  and  3.0  V.  All  the  samples 
display  excellent  cycleability  except  for  the  sample  annealed 
at  673  K  and  the  as-prepared  one,  which  has  an  impurity 
phase. 

As  shown  in  Fig.  6,  the  sample  annealed  at  673  K  has  a 
relatively  small  initial  capacity  and  poor  rechargeability.  This 


Fig.  6.  Discharge  characteristics  of  LiNio.5Feo.5O2  annealed  at  various  tem¬ 
peratures. 

indicates  that  the  sample  does  not  have  sufficient  crystallinity 
and  also  that  it  has  mixed  phases.  This  is  also  consistent  with 
XRD  analysis,  where  the  sample  annealed  at  673  K  was  found 
to  consist  of  hexagonal,  cubic  and  tetragonal  phases.  The 
poor  electrochemical  properties  of  the  LiNio.5Feo.5O2  cath¬ 
ode  annealed  at  873  K  may  be  due  to  its  two-phase  (hexagonal 
and  cubic)  nature.  The  discharge  capacity  increases  as  the 
annealing  temperature  is  raised  from  873  to  1073  K,  but  then 
decreases  on  annealing  at  1273  K.  It  has  been  reported  that 
the  smaller  the  surface  area,  the  smaller  is  the  initial  dis¬ 
charge  capacity  and  also  most  of  the  lithium  intercalation/de¬ 
intercalation  process  takes  place  at  the  surface  rather  than  at 
the  core  of  the  grains  [25]. 
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For  each  sample,  the  electrochemical  activity  shows  that 
the  cell  is  activated  only  after  the  5th  cycle.  The  discharge 
capacity  is  low  for  the  sample  annealed  at  673  K  that  has 
three  phases,  of  which  the  tetragonal  phase  is  magnetic  at 
RT.  The  discharge  capacity  gradually  increases  on  annealing 
at  873  K  and  above,  which  gives  a  paramagnetic  hexagonal 
phase.  It  is  observed  that  a  sample  with  mixed  phases  and 
with  one  of  them  ferrimagnetically  ordered  is  not  suitable  for 
electrochemical  activity. 

On  the  other  hand  the  paramagnetic  sample  with  a  sin¬ 
gle  crystallographic  phase  gave  a  maximum  capacity  of 
160  mAh  g_  .  The  small  decrease  in  the  value  of  the  dis¬ 
charge  capacity  of  the  1273  K  annealed  sample  compared 
with  that  of  the  1073  K  annealed  sample  may  be  due  to 
changes  in  the  microstructure  produced  by  annealing  at  high 
temperatures.  There  is  a  remarkable  increase  in  the  discharge 
capacity  for  the  sample  annealed  at  1073  K  as  it  has  a  sin¬ 
gle  hexagonal  phase.  Rechargeability  is  improved  as  the 
annealing  temperature  increases.  This  is  due  to  the  transition 
from  multi  phase  to  a  single  phase.  It  is  concluded  that  the 
sample  annealed  at  1073  K  has  good  structural  and  electro¬ 
chemical  properties.  The  initial  coulombic  efficiency  is  about 
73%. 


4.  Conclusions 

LiNio.5Feo.5O2  has  been  prepared  by  a  sol-gel  method, 
samples  have  been  heat-treated  to  various  temperatures  and 
their  physico-chemical  properties  characterized.  Calcination 
of  the  precursors  at  673  K  for  6h  produces  powders  that 
contain  tetragonal  and  hexagonal  phases.  Subsequent  heat 
treatment  at  873,  1073  and  1273  K  results  in  a  pure  hexago¬ 
nal  phase.  The  tetragonal  phase  is  magnetically  stronger  than 
the  hexagonal  phase.  Room-temperature  Mossbauer  studies 
reveal  the  magnetic  ordering  of  the  tetragonal  phase  and 
the  paramagnetic  nature  of  the  hexagonal  phase,  which  is 
magnetically  ordered  at  77  K.  By  analyzing  the  bulk  mag¬ 
netization  with  the  value  of  hyperfine  field,  it  is  concluded 
that  magnetic  ordering  cannot  be  ferromagnetic  and  should 
be  only  antiferromagnetic. 
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